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Abstract: Chlamydomonas reinhardtii is a widely used object in studies on green algae concerning both
photosynthesis aspects and possible biotechnological approaches. The measurement of the maximum
O2 evolution by photosystem II (PSII) in living algal cells in the presence of artificial acceptors is one
of the commonly used methods for determining the photosynthetic apparatus state or its change
as compared to a control, parent strain, etc., because PSII is the most sensitive component of the
thylakoid membrane. The present study shows the need to use low concentrations of 2,6-dichloro-
1,4-benzoquinone (DCBQ) paired with potassium ferricyanide (FeCy) for achieving the maximum O2

evolution rate, while a DCBQ concentration above certain threshold results in strong suppression of
O2 evolution. The required DCBQ concentration depends on the presence of the cell wall and should
be exactly ~0.1 mM or in the range of 0.2–0.4 mM for cells with and without a cell wall, respectively.
The inhibition effect is caused, probably, by a higher content of DCBQ in the oxidized form inside
cells; this depends on the presence of the cell wall, which influences the efficiency of DCBQ diffusion
into and out of the cell, where it is maintained by FeCy in the oxidized state. The possible mechanism
of DCBQ inhibition action is discussed.

Keywords: Chlamydomonas; cell wall; 2,6-dichloro-1,4-benzoquinone (DCBQ); photosystem II; O2

evolution rate

1. Introduction

The photosynthetic processes occurring on the thylakoid membrane are coupled with
the rapid photoinduced transport of electrons taken from water molecules across the elec-
tron transport chain (ETC). ETC includes large transmembrane pigment-protein complexes
of photosystem II (PSII), containing the water-oxidizing complex (WOC), cytochrome b6f,
and photosystem I; and small electron carriers such as membrane-associated plastoquinol
(PQH2; a reduced and protonated form of plastoquinone (PQ)), lumenal water-soluble,
copper-containing protein plastocyanin (or cytochrome c6), as well as stromal iron-sulfur
protein ferredoxin and ferredoxin:NADP+ oxidoreductase [1].

To evaluate the maximal photosynthetic activity of PSII separately from other ETC
participants in the case of algal cells, isolated chloroplasts or thylakoid membranes (or in the
case of PSII particles), various artificial acceptors capable of taking electrons effectively from
the PSII acceptor side have to be used. Applying acceptors should remove the limitation of
electron transport within the reaction center of PSII, which can suppress the water oxidation
reaction in the WOC and, thus, the O2-evolving activity of PSII. The chemical nature of the
acceptors used depends on the goal of the study, while benzoquinone derivatives alone
or paired with potassium ferricyanide (FeCy) are commonly used [2–6]. As considered; a
molecule of benzoquinone derivative is able to replace a molecule of the native mobile
secondary quinone acceptor; PQ B (QB); in the QB site (see; e.g., [4,7]) and thus accepts
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electrons directly from the PSII primary quinone acceptor; PQ A (QA). FeCy is needed to
keep the molecules of benzoquinone derivatives in oxidized form (see; e.g., [2,8]).

Lipophilic 2,6-dichloro-1,4-benzoquinone (DCBQ) is one of the most commonly used
artificial acceptors in studies of the O2-evolving activity of PSII in subchloroplast prepara-
tions isolated from higher plants, algae, and cyanobacteria [3,5,9–11]. DCBQ is also often
used for the measurement of the O2-evolving activity of PSII in living cells of green algae,
including Chlamydomonas reinhardtii [12–16]. The small size and lipophilic nature of a DCBQ
molecule allow it to easily penetrate the lipid membranes of algal cells, including plasma
membranes and membranes of chloroplasts and reach and interact with the acceptor side
of PSII in thylakoid membranes.

In the last decade, the property of DCBQ molecules to be electron shuttles between
the PSII acceptor side (or PQ pool) and a collecting (external) electrode has been widely
used in research related to electricity production with PSII [17–20]. In such studies, an
electrochemical set-up is more often filled with living green algal suspension, for example,
C. reinhardtii [17–19]. It was proposed that the diffusion efficiency of DCBQ molecules
through different lipid membranes of algal cells can be one of the rate-limiting factors in
the transfer of electrons from PSII [17]. Recently, the authors [18] tried to calculate the
time for quinones to cross a lipid membrane of ~4 nm, which is close to the thickness of
the thylakoid membrane [21] and the aqueous compartments of an algal cell with a 3 µm
radius. The obtained value was ~180 ms [18]. However, in the case of C. reinhardtii cells,
a cap-shaped chloroplast located about three times closer (within ~1 µm) to the plasma
membrane [22], and PSII complexes are mainly found in thylakoid stacks (grana), which
may include about 3–5 thylakoids [23], i.e., 6–10 parallel lipid membranes.

The electron transfer from QA to QB, which is the slowest step in PSII, takes 200–800 µs [1].
This means that a DCBQ molecule can be reduced by PSII twice in a 2 ms range, which is
50–100 times faster than the proposed single-DCBQ-molecule diffusion rate from an algal
cell to outside of it, where DCBQ can be oxidized by FeCy or an electrode. Indeed, the
enhancement of photosynthetic electron flow from a C. reinhardtii cell suspension to an ex-
ternal electrode was observed due to an increase in DCBQ concentration in the micromolar
range (up to 200 µM) [18]. In addition, the stimulation of the O2 evolution rate obtained by
increasing the DCBQ concentration (up to 300–400 µM) has been previously shown for PSII
preparations isolated from higher plants, green algae, and cyanobacteria [3,6,24–26].

At the same time, the increase in DCBQ content above the saturation point (even in a
1 mM range) leads to clear inhibition of the O2-evolving activity of PSII, which has been
shown for subchloroplast preparations from different photosynthetic organisms [3,6,24–26].
The exact explanation of this effect is still under debate. In experiments with modified PSII
from spinach that lost all proteins and the inorganic core of the WOC, the involvement of
DCBQ in electron transfer from reduced species to the primary (P680) or secondary (Tyrz)
electron donors was proposed [8]. However, the possibility of such cycle electron transport
in native PSII, which would suppress WOC function, remains questionable. Other results
obtained with PSII preparations from cyanobacteria propose the PQ pool (PQH2 molecules)
as a second site for DCBQ to accept electrons [6], but the Km value of DCBQ for the QB site
should be relatively small (i.e., it should have high affinity) compared with those for the
PQ pool [27].

The inhibitory effect of increased DCBQ content on the O2 evolution rate in living
cells of green alga C. reinhardtii has not been investigated yet. At the same time, the DCBQ
concentrations used during O2 evolution measurements vary in a wide range of values,
from 250 µM to 1 мМ [12–16]. The possible suppression of the O2-evolving activity of PSII
in C. reinhardtii cells due to increased DCBQ concentration can lead to obtaining incorrect
results of the maximum O2 evolution rate in studies with algal cultures.

Additionally, the strains of C. reinhardtii used can be either with or without a cell wall,
which has a complicated structure. Its five layers (W1, W2, W4, W6 and W7, from inside to
outside the cell) have different physical and chemical properties, with varied combinations
of proteins, glycoproteins (many of which are highly enriched in hydroxyproline), and
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carbohydrates, as well as with different stacking schemes of components [28,29]. For exam-
ple, layers W4 and W6 have the property of dissolving in the presence of chaotropic salts,
while layer W2, on the other hand, is a non-crystalline, highly insoluble framework [29].
The thickness of the cell wall in C. reinhardtii is less than 0.2 µm; however, it is obvious
that it can strongly change the efficiency of the DCBQ molecule exchange between the
surrounding medium and the intracellular space.

In the present study, the influence of the DCBQ concentration in the presence, as well
in the absence, of FeCy on the O2-evolving activity of PSII in living cells of C. reinhardtii
was studied. The inhibitory effect of increased DCBQ concentrations was observed; this
depended on the presence of the cell wall, which probably decreased the DCBQ exchange
between the intracellular space and the surrounding medium, thus changing the ratio be-
tween its oxidized (DCBQox) and reduced (DCBQred) forms to the latter. The obtained data
allow us to suppose the involvement of the oxidized form of DCBQ in the inhibitory effect.

2. Materials and Methods
2.1. Strains and Growth Conditions

The two strains of C. reinhardtii studied in the present work were the cell wall-less
mutant CC-503 cw92 mt+, taken as the standard wild type (WT) in the series of previous
work [3,22,30–32], and the basic 137c (CC-125 mt+) WT. Cultures were grown photoau-
totrophically in parallel in the minimal medium at 25 ◦C under aeration with air enriched
with 5% CO2. Continuous illumination was provided with cool white LED lamps at
90–100 µmol photons m–2 s–1.

2.2. Confocal Microscopy

Confocal microscopy was performed with Leica TCS SPE (Leica Microsystems CMS
GmbH, Mannheim, Germany) using a 60 × oil-immersion objective. Cells were immo-
bilized according to a previously described method [33] by rapidly mixing 5 µL of cell
suspension with an equal volume of molten 1% low-melting-temperature agarose cooled to
40–45 ◦C. A volume of 2–5 µL of this mixture was immediately transferred on a cover slip,
which was inverted on a microscope slide and allowed to solidify. For cell wall staining,
cell suspensions, before immobilization, were mixed with an equal volume of Calcofluor®

White M2R (Thermo Fisher Scientific, Waltham, MA). Chlorophyll (Chl) autofluorescence
was detected with the following parameters: excitation by laser at 635 nm and registration
in the 640–750 nm range. The fluorescence of Calcofluor white was detected with the
following parameters: excitation by laser at 405 nm and registration in the 417–520 nm
range. Simultaneous transmission images of cells were obtained.

2.3. Oxygen Evolution Measurements

The rate of photosynthetic oxygen evolution by PSII in living algal cells was measured
at 25 ◦C with a Clarke-type electrode in a 1 mL cell (Hansatech Instruments Ltd., Norfolk,
UK), using DCBQ and FeCy as artificial electron acceptors and illumination with red light
(≥600 nm) at saturation intensity of 2040 µmol photons m–2 s–1. Before measurements, cell
suspensions were diluted with growth medium to a Chl concentration of 10 µg mL–1.

2.4. Chlorophyll Concentration

The Chl concentration was determined spectroscopically after the extraction of pig-
ments in 80% acetone [34].

2.5. DCBQ Reduction Measurements

In order to observe the light-induced reduction in oxidized DCBQ in the presence
of algal cells, 30 µM of DCBQ dissolved in dimethyl sulfoxide was added to 1 mL of cell
suspension with a Chl concentration of 10 µg mL–1 in a growth medium. Absorption
changes at 230–350 nm were recorded in a 1 mL quartz cuvette before and after DCBQ
addition, leading to the appearance of a peak at 272–273 nm, as well as at different time
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points after sample illumination with red light (≥600 nm) at 2040 µmol photons m–2 s–1,
leading to the disappearance of the peak, which indicated DCBQ reduction [35].

For ∆A272 calculation, the difference at 272 nm between the absorption peak and the
point on the straight line drawn between the peak ends at ~240, and ~300 nm was used.
The value obtained after DCBQ addition was taken as 100%.

2.6. Statistical Analysis

Statistical analysis was performed using the standard algorithms of OriginPro (ver-
sion b9.3.226, 2016) (OriginLab, Northampton, MA, USA). The data are presented as
means ± SDs.

3. Results
3.1. Presence of Cell Wall

Two commonly used strains of C. reinhardtii, CC-503, and 137c (CC-125) were taken
as a well-known wall-deficient mutant and its background WT with a well-formed cell
wall, respectively. To be sure of the reduction in the cell wall in the case of CC-503, the cell
suspensions were stained with a fluorescent blue dye, Calcofluor white, which interacted
with the polysaccharides of the cell wall, and analyzed with confocal microscopy. As
shown in Figure 1, the shape of the algal cells was different between the two strains. In
the transmitted images, CC-503 cells were clearly rounded, while 137c cells were oval.
According to known data [36], the rounded shape of C. reinhardtii cells could be one of the
reasons for the absence of the cell wall. The fluorescent signal of Calcofluor white dye was
not detectable in the case of CC-503 cells, while it was clearly observed in 137c cells, which
is consistent with previously published results [37]. Thus, the cells of the CC-503 strain
used in this study did not, in fact, have a cell wall, in contrast to cells of the 137c strain.

Figure 1. Transmitted images of algal cells obtained with confocal microscopy for determination of
Chl autofluorescence (Chl) and fluorescence of Calcofluor white (CW). CC-503 and 137c are strains of
C. reinhardtii without and with a well-formed cell wall, respectively. The scale bar is 10 µm.
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At the same time, according to the Chl autofluorescence results, the cells of both strains
had usual, well-formed, cap-shaped chloroplasts with well-defined lobes and basal regions
with darkened cycles related to the pyrenoid. Indirectly, this can testify to non-stressed
growth conditions for algal cultures. For example, it was previously observed that high
light intensity should lead to the reduction in lobes and the disappearance of pyrenoids in
C. reinhardtii cells [22,23,38].

3.2. Influence of DCBQ on the O2 Evolution Rate

The measurement of the O2 evolution rate in living cells of C. reinhardtii in the presence
of 0.5 mM FeCy (as was previously used [2,15]) showed an increase in its value by 156–166%
when using the range of DCBQ concentrations from 0 to 0.2–0.3 mM in the case of CC-503
(Figure 2A). An increase in the O2 evolution rate in a similar manner was also observed in
137c cells, but the maximum value was already reached at 0.1 mM DCBQ, with an increase
by ~179% as compared to the value obtained at 0 mM DCBQ. The shapes of the peaks on
the obtained graphs related to the cells of the CC-503 and 137c strains differ significantly
(Figure 2A). It can be seen that the peak is wide for CC-503 cells, with close results within
the 0.2–0.3 (probably up to 0.4) mM DCBQ range. At the same time, for 137c cells, the
peak is narrow, with a clear maximum at 0.1 mM DCBQ. At 0.2 and 0.3 mM DCBQ, the
O2 evolution rate already decreased by 14% and 21%, respectively, compared with that
obtained at 0.1 mM DCBQ, in contrast to that observed in CC-503 cells.

Figure 2. Dependence of O2 evolution rate on DCBQ concentration in the presence of 0.5 mM FeCy
observed in living cells of CC-503 (blue squares) and 137c (green circles) strains of C. reinhardtii. The
results are presented as normal (A) and double-reciprocal (B) plots. The average values of A were
used to calculate the values of B. SDs (n = 5) are shown as bars in A.

Following a further increase in DCBQ concentrations above a certain threshold, leading
to the induction of the maximum evolving activity of PSII in C. reinhardtii cells, strong
suppression of the O2 evolution rate was clearly detected in both strains as can be seen in
Figure 2A, in the plot with absolute values, the two curves of O2 evolution decrease in a
quite similar manner. At the same time, the curve for 137c cells has a stronger decline than
that for CC-503 cells. Indeed, 50% of the maximum value induced by DCBQ addition was
reached in 137c cells at ~0.5 mM DCBQ, while in CC-503 cells, this was only reached at
~0.9 mM DCBQ (Figure 2A). Interestingly, when taking into account the absolute values
of the plot, then both CC-503 and 137c cells lost a similar portion of the total O2-evolving
activity equal to ~31–32% at the above-mentioned DCBQ concentrations. At 1 mM DCBQ,
the losses of induced O2 evolution in CC-503 and 137c cells were ~58% and ~76% of the
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maximum value, respectively, while at 1.5 mM DCBQ, these were already ~73% and ~90%,
respectively.

Thus, the presence of the cell wall somehow leads to the achievement of maximum O2
evolution with 2–3 times lower DCBQ concentrations, with more pronounced suppression
of O2 evolution with the further increase in DCBQ concentrations.

The recalculation of the obtained data on the dependence of the O2 evolution rate on
DCBQ concentration using double-reciprocal plots resulted in non-straight lines for the
cells of both strains (Figure 2B). This indicates that DCBQ could accept electrons not only
directly from QA in the QB site but also at other locations, which, as previously suggested,
could be the molecules PQH2 (PQ pool) [6].

The algal cells without additions showed a slightly delayed induction of O2 evolu-
tion after actinic light was switched on (Figure 3), with the achievement of the maximum
O2 evolution rate being equal to 73–80 µmol O2 (mg Chl h)–1 in both CC-503 and 137c
cells. Such lag phase has been previously described for CO2-dependent O2 evolution in
cyanobacteria [39] and, as proposed, could be due to the operation of the ETC participants
located between PSII and PSI. After the addition of 0.5 mM FeCy to the algal cells, the
curves of O2 evolution were similar to those observed in the absence of additions (Figure 3).
Two-fold increases in FeCy concentration (up to 1.0 mM), since according to previous pub-
lications, 0.5 and 1.0 mM FeCy paired with DCBQ are often used in studies of C. reinhardtii
cells [13,15,16], did not affect the slope of the observed O2 evolution curves. This clearly
indicates that molecules of water-soluble FeCy were not able to penetrate through the
plasma membrane into algal cells and did not affect the O2 evolution rate in living cells of
C. reinhardtii.

Figure 3. Curves of O2 evolution observed in the suspension of living cells of C. reinhardtii strains:
CC-503 (A) and 137c (B). Blue and green (CC-503 and 137c, respectively) lines correspond to cells
without additions, orange lines refer to cells in the presence of 0.5 mM FeCy, red lines refer to cells
in the presence of 0.5 mM FeCy and 0.2 mM or 0.1 mM DCBQ in the case of CC-503 or 137c cells,
respectively. ↑ and ↓ indicate approximate moments when the actinic light was switched on and
switched off.

In contrast, the addition of 0.1–0.2 mM DCBQ in the presence of 0.5 mM FeCy led to
the immediate beginning of O2 evolution after actinic light was switched on in cells of both
strains (Figure 3). This supports the possibility of DCBQ accepting electrons effectively
from PSII in living algal cells, removing any possible limitations of electron transport
caused by the ETC. Another point is the horizontal alignment of the dark-exposure part
of the curve during the O2 evolution measurements, which had a slight decline in cells
without additions and in the presence of FeCy. Both effects are consistent with those
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previously observed in cyanobacteria [39]. In addition, it was obvious that the cell wall had
no influence on these effects.

3.3. Involvement of FeCy in the Action of DCBQ

The use of DCBQ without the addition of FeCy in the case of cell suspensions of both
strains led to significant changes in the dependence of the O2 evolution rate on DCBQ
concentration (Figure 4) compared with that measured in the presence of FeCy (Figure 2A).
This is in spite of the fact that FeCy is not able to enter cells, as shown above, and could
perform its function only in extracellular space.

Figure 4. Dependence of the O2 evolution rate on DCBQ concentration in the absence of FeCy (solid
lines) and after the addition of 0.5 mM FeCy to the same sample with repeated measurement of O2

evolution (dashed lines) in living cells of CC-503 (blue squares) and 137c (green circles) strains of
C. reinhardtii. Arrows indicate the direction of changes that occurred after FeCy addition in repeated
measurements of O2 evolution. SDs (n = 5) are shown as bars.

At 0.1 mM DCBQ, the O2 evolution rate was detected to be almost at the same level
as that in the absence of additions (Figure 4), and this was significantly different from
the observations in the presence of FeCy (increases of up to ~166% and ~179% in CC-503
and 137c cells, respectively (Figure 2A)). An increase in DCBQ concentration resulted in
strong stimulation of O2 evolution in cells of both strains. Thus, the maximum values were
achieved with higher concentrations of DCBQ than those in the presence of FeCy, and
their absolute values were lower (Figure 4). In the case of CC-503 cells, the maximum O2
evolution rate was reached at 0.5 mM DCBQ, with an increase by ~108% compared with
that in the absence of DCBQ (~35% lower than that obtained with FeCy) after the stepwise
increases at 0.2 mM and 0.3 mM DCBQ. The maximum O2 evolution rate in the case of
137c cells was reached at 0.3 mM DCBQ, with an increase by ~132% (~26% lower than that
obtained with FeCy).

The further increase in DCBQ concentrations above that necessary for achieving the
maximum values of O2 evolution resulted in its suppression in a similar manner as that
observed in the presence of FeCy (Figure 4). At 1 mM DCBQ, the decreases in DCBQ-
induced O2 evolution in CC-503 and 137c cells were ~71% and ~56%, respectively, compared
with the DCBQ-induced maximum. Interestingly, the shapes of the obtained curves for
cells of both strains were quite similar, with relatively wide peaks (Figure 4), resembling
the curves observed for CC-503 cells in the presence of FeCy (Figure 2A).
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To study the role of FeCy in the described effects directly, 0.5 mM FeCy was added to
the samples that were already used for the measurements of O2 evolution in the presence
of DCBQ alone, and the dependence on DCBQ concentration was re-recorded. Significant
differences in the detected values of the O2 evolution rates were observed (Figure 4). Thus,
at 0.1 mM DCBQ, the cells of both strains showed increases of ~86% and ~70% in O2
evolution in the case of CC-503 and 137c, respectively, compared with the values obtained
during the first measurement (in the presence of DCBQ alone); these increases were ~74%
and ~80% if compared with the values obtained at 0 mM DCBQ, with clear suppression
of O2 evolution at higher DCBQ concentrations. At 1 mM DCBQ, the values of the O2
rate almost reached the values observed at 0 mM DCBQ. The shape of the curves was
similar to that observed above under the simultaneous addition of DCBQ and FeCy to the
cell suspensions (Figure 2A). The overall decrease in the values of the O2 evolution rates
indicated by the second measurement can be explained by the partial photoinhibition of
PSII in cells illuminated during the first measurement (in the presence of DCBQ alone) for
a couple of minutes.

The obtained data clearly indicate that the presence of FeCy led to the induction of
the inhibitory effect of DCBQ on the O2 evolution rate in living algal cells at 2–3 times
lower concentrations than those used in the absence of FeCy, probably because DCBQ was
maintained in oxidized form. This is in spite of the fact that molecules of DCBQ reduced
by PSII should diffuse out of the cell to be oxidized by FeCy and then enter the cell again.

3.4. Light-Induced Reduction in DCBQ by Cells

To evaluate the influence of the presence of the cell wall on the diffusion efficiency of
DCBQ, its reduction by PSII in CC-503 and 137c cells in the absence of FeCy was studied
using the light-induced absorption changes related to the reduction in the oxidized form
of DCBQ. As shown in Figure 5A,B, the addition of DCBQ led to the appearance of an
intensive peak at 272–273 nm, which then diminished with the illumination of the samples,
with the simultaneous appearance of relatively weak absorption in the 300–320 nm region,
indicating the accumulation of DCBQ in reduced form. This is consistent with previously
published results [35].

Figure 5. Light-induced reduction in DCBQ in the presence of living algal cells of C. reinhardtii. Panels
(A,B), referring to the CC-503 and 137c, respectively, show the absorption changes in cell suspensions
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(green curve) under the addition of 30 µM DCBQ (red curve) and following illumination of the
samples. The disappearance of the peak at 272–273 nm indicates DCBQ reduction over time. Panel
(C) represents the absorption decrease at 272 nm under illumination in the case of CC-503 (blue-filled
squares) and 137c (green-filled circles) cells over time. The unfilled blue square and green circle show
the values after the addition of 0.2 mM FeCy. The gray unfilled squares and circles represent the
CC-503 and 137c cells, respectively, after the addition of 30 µM DCBQ but without illumination. SDs
(n = 3–4) are shown as bars.

A significantly faster reduction in absorption at 272–273 nm under illumination in
the case of CC-503 cells without a cell wall than in 137c cells with a well-formed cell
wall was observed. The peak disappeared completely within 2 min in the CC-503 cell
suspension (Figure 5A), while in the 137c cell suspension, this took much more time, and
some absorption was observed even after 5 min of illumination (Figure 5B). The following
calculations of the relative changes in absorption at 272 nm under illumination showed
that 50% of the decrease was achieved in the presence of CC-503 cells during ~30 s of
illumination, while it took ~90 s in the case of 137c cells (Figure 5C). Thus, the presence of
the cell wall can lower the efficient DCBQ diffusion between extracellular and intracellular
spaces by about three times.

At the same time, the presence of DCBQ in the cell suspension without the illumination
of the samples resulted in a slight spontaneous decline of 7.3 ± 1.8% per min absorption
at 272 nm (Figure 5C). In total, the decrease over 5 min was 28–35%. The results indicate
the presence of a somehow light-independent weakly flowing reduction in DCBQ by
C. reinhardtii cells, while this is accelerated greatly by photoinduced PSII action.

4. Discussion

The measurement of the maximum photoinduced O2 evolution by PSII in the presence
of artificial acceptors is one of the commonly used methods for determining the photo-
synthetic apparatus state (or its change compared with a control, parent strain, etc.) in
living cells of green algae because PSII is one of the most sensitive components of the
thylakoid membrane.

The results obtained in the present study indicate that the presence of DCBQ paired
with FeCy is indeed necessary to achieve the maximum O2 evolution rate by PSII in living
C. reinhardtii cells. Thus, in the absence of FeCy, the maximum value of the O2 evolution
rate in the presence of DCBQ was 17–22% lower (Figure 4) than the values detected under
the addition of DCBQ together with FeCy (Figure 2A). The role of FeCy is thought to be
to maintain DCBQ in the oxidized state (see, e.g., [2,8]), probably including the oxidation
of molecules reduced by PSII. However, the comparison of the O2 evolution curves both
in the absence of additions and in the presence of 0.5–1.0 mM FeCy (Figure 3) showed
no differences, testifying that FeCy itself is not able to penetrate the plasma membrane of
cells and thus can only act (i.e., oxidize DCBQ: DCBQred→DCBQox) in the extracellular
space. This is consistent with previously published data, which showed the inability of
ascorbate located inside liposomes to reduce FeCy, while this reaction was significantly
stimulated with the time constant (τ) of ~3.3 min by the addition of DCBQ, acting as a
mediator [40]. Therefore, the molecules of DCBQox that entered the algal cell and were
reduced thereby PSII should diffuse out of the cell, where they can be oxidized by FeCy,
and diffuse inside the cell again. Together, these processes form a cycle (Figure 6) in which
the electroneutrality of reduced DCBQ molecules is maintained through protonation [41].

The effectiveness of such a cycle is strongly influenced by the presence of the cell wall
since the photoinduced reduction in DCBQox by PSII was ~3 times lower in the algal cells
with a cell wall (Figure 5C), and the diffusion of DCBQox from the extracellular space to
PSII is obviously a main limiting factor. As a consequence, in cells with a cell wall, the
balance between the oxidized and reduced (by PSII) forms of DCBQ should be shifted
to the latter due to effective PSII operation (Figure 6), which, in turn, should lead to the
decrease in the detected maximum values of the O2 evolution rate. However, as can be seen
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in Figure 2A, 137c cells with a cell wall showed higher values of maximum O2 evolution.
Moreover, this was observed at 2–3 times lower concentrations of added DCBQ compared
with CC-503 cells without a cell wall. A similar effect could also be seen even in the
measurements conducted in the absence of FeCy (Figure 4). This discrepancy indicates
a somehow inhibitory action of higher contents of the oxidized form of DCBQ on the
O2-evolving activity of PSII.

Figure 6. A scheme of the proposed cycle of DCBQ molecules diffusion in living cells of C. reinhardtii
without (CC-503) and with (137c) a cell wall. Actions of PSII in the chloroplast and extracellular FeCy
in the cycle are indicated by green and yellow arrows, respectively. The thickness of the straight blue
arrows reflects the difference in diffusion efficiency of DCBQ molecules moving inside the cell and
going back. The sizes of the “DCBQ” writing indicate possible differences between the contents of
the oxidized (ox) and reduced (red) forms of DCBQ, respectively, inside and outside the algal cell.

The diffusion efficiency of DCBQox in the case of cells without cell wall (CC-503) was
higher (Figure 5) and could probably fully cover the rate of DCBQ reduction by PSII, which
leads to establishing the DCBQox/DCBQred balance inside cells with equal or even higher
content of DCBQox (Figure 6). Based on the suggestion about the inhibitory action of
DCBQox, this should result in the suppression of the O2 evolution activity of PSII to some
extent. This can indeed be observed in the obtained experimental curves, especially in
the absence of FeCy (Figure 4). At the same time, such inhibitory action of DCBQox can
weaken in the direction from the plasma membrane too deep into the cell due to the active
continuous reduction in DCBQox by PSII located above, decreasing the DCBQox content
for PSII located below. This can explain, for example, the wide peak of the maximum O2
evolution rate obtained for CC-503 cells (Figure 2A), which also appeared for 137c cells in
the absence of FeCy (Figure 4) when the driving force of DCBQ oxidation was absent.

An increase in the concentration of added DCBQ should lead to a higher number of
its molecules simultaneously diffusing through the plasma membrane of the cell. This
is consistent, for example, with the previously obtained results of research on liposomes
containing ascorbate, in which the τ of the FeCy reduction linearly decreased with the
increase in DCBQ content [40]. The further increase in DCBQ concentration in the present
study stimulated the inhibitory effect on the O2-evolving activity of PSII (Figures 2A and 4).
This clearly indicates the involvement of the oxidized form of DCBQ in this process because
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a much higher content of DCBQox makes the contribution of PSII operation to the shift in
the DCBQox/DCBQred balance insufficient. This is supported by data testifying that the
reduction in the ability of DCBQ to be maintained in the oxidized form in the absence of
FeCy in the mixture led to a significant weakening of the inhibitory effect of added DCBQ
on the O2 evolution rate in living algal cells (Figures 2A and 4). On the other hand, FeCy
addition to the same samples induced strong suppression of O2 evolution by cells at DCBQ
concentrations above 0.1 mM (Figure 4). FeCy addition at 0.1 mM DCBQ stimulated the
O2 evolution rate in living algal cells, indicating the necessity of the presence of the DCBQ
oxidation driving force at low DCBQ content for inducing maximum O2 evolution, as it
was mentioned above.

DCBQ is a quinone derivative with hydrophobic properties due to the presence of two
Cl atoms [41], which allow it to have a high affinity for the QB site in PSII [6], where DCBQ
can accept electrons directly from QA. As it was previously calculated [6], the binding
affinity of quinone derivatives increases with the extent of Cl substitution (by 25 times
between monochloro-p-benzoquinone and tetrachloro-p-benzoquinone (chloranil)). In
addition, the positions of Cl atoms in the molecule have a certain influence. Thus 2,6-DCBQ
(DCBQ in the present study) has ~4 times higher affinity for the QB site than 2,5-DCBQ
in the case of PSII preparations from cyanobacteria and ~6.7 times higher in the case of
samples from higher plants [6,27].

In contrast to other artificial acceptors, the use of halogenated benzoquinones showed
evidence of the presence of another (second) site of electrons accepting from PSII, which, as
proposed, could be PQH2 molecules released from the QB site, for which 2,6- and 2,5-DCBQ
have almost equal affinity [6,27]. As a consequence, the dependence of the O2 evolution
rate on the concentration of different halogenated benzoquinones in PSII preparations from
cyanobacteria and higher plants shows a non-straight line, with a significant decrease after
a certain quinone concentration [6,27]. The same results were obtained in the present study
in the suspensions of living C. reinhardtii cells with DCBQ as an acceptor (Figures 2 and 4).

At the same time, the observed linear decrease in DCBQox content (~7% per min)
due to its reduction under dark incubation of the cell suspension (Figure 5C) allows us
to propose the involvement of some minor enzyme of the thylakoid membrane in this
process, for example, plastid terminal oxidase (PTOX). In vivo, PTOX reduces O2 to H2O
due to PQH2 oxidation in higher plants and green algae [42,43], and it is obvious that
DCBQox reduction instead of O2 can be more favorable for the enzyme. This suggestion
is supported by the observed horizontal alignment of the O2 evolution curve in the dark
before the light-induced increase in the presence of DCBQ, which shows a slight decline in
the absence of additions or in the presence of FeCy (Figure 3), probably due to the reduction
in O2 by PTOX. The low content of PTOX (~1% from PSII components [42]) in the thylakoid
membrane can explain the slow DCBQ reduction in the dark.

According to the crystal structure of PSII, its acceptor side has a channel for the
preplacement of the QB molecule, with an opening of ~10 per 20 Å on the membrane side.
A cavity further provides a lipophilic environment favorable for the isoprenoid chain of
QB, as well as for rapid PQ/PQH2 exchange [44]. A recent study indicated that PQH2 is
bound to the QB site ~50 times more weakly than PQ [45]. In addition, PQ−/PQH2 has a
less positive value of the midpoint potential than PQ/PQ− (~40 vs. ~90 mV, respectively).
It is thought that these properties can be the driving force of PQH2 release into the PQ
pool. A significant lowering of the potential was also found for halogenated benzoquinones
between 1e– and 2e−/2H+ reduction, respectively [46], which can cause changes in the
degree of DCBQ binding and induces rapid DCBQred-to-DCBQox exchange in the QB site
of PSII by analogy with the PQ/PQH2 exchange. However, unlike native QB (PQ B), which
has a long isoprenoid chain (nine side units) capable of locking the channel for another QB
molecule until release [44,47], the molecules of DCBQ are relatively small, which allows
many of them in the oxidized form to enter to the cavity and tightly bind there at the same
time. Based on the suggestions that DCBQ reduction should occur near QA, i.e., deeper in
the channel of the QB site, the release efficiency of a reduced molecule can be complicated
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by DCBQox molecules bound tightly inside the cavity, and their number can be directly
dependent on DCBQox concentration near PSII. Thus, the increase in DCBQox content near
PSII suppresses the effectiveness of the DCBQred¬-to-DCBQox exchange, leading, in turn,
to a decrease in the O2 evolution rate, which was clearly observed during experiments of
the present study (Figures 2A and 4).

The results obtained indicate the strong dependence of the maximum O2 evolution
rate of PSII in living cells of C. reinhardtii on the DCBQ concentration and the presence of
FeCy with significant suppression when using DCBQ concentrations higher than a certain
threshold. It has to be exactly near 0.1 mM DCBQ in the case of algal cells with a cell wall
and in the range of 0.2–0.4 mM DCBQ for cells without a cell wall. However, even in this
case, the values obtained may be the result of a balance between the actual maximum O2
evolution rate and its partial inhibition by DCBQox, which should be taken into account by
researchers in their studies.
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